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Abstract 15 
Field instrumentation of an in-service cast iron gas pipe 16 
buried in a residential area is detailed in this paper. 17 
The aim of the study was to monitor the long-term pipe 18 
behaviour to understand the mechanisms of pipe bending in 19 
relation to ground movement as a result of seasonal 20 
fluctuation of soil moisture content. Field data showed 21 
that variation of soil temperature, suction and moisture 22 
content are closely related to the prevailing climate. 23 
Change of soil temperature is generally related to the 24 
ambient air temperature, with a variation of 25 
approximately ±3 oC per meter depth from the ground 26 
surface in summer (decrease with depth) and winter 27 
(increase with depth). Seasonal cyclic variation in 28 
moisture content was observed with maxima in February and 29 
March, and a minimum around September. The pipe top was 30 
under tensile strain during summer, and subsequently 31 
subjected to compressive strain as soil swelling occurred 32 
as a result of increase in moisture content. The study 33 
suggests that downward pipe bending occurs in summer due 34 
to soil shrinkage, while upward pipe bending occurs in 35 
winter when the soil swells. 36 
 37 
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43 
Introduction 44 
Buried gas pipe networks form part of the critical 45 
infrastructure in Australia and other global population 46 
centres, providing essential services to the community. 47 
In most developed countries this vital infrastructure was 48 
installed several decades ago, and frequent pipe failures 49 
have become a major problem. Failure of pipes not only 50 
affects services users, but also has negative social and 51 
economic impacts on communities and asset owners. The 52 
increasing costs for replacing and rehabilitating 53 
existing ageing pipe networks require substantial 54 
expenses for asset owners. In order to counter this 55 
problem, it is important to study and understand the 56 
pipe-soil interaction in order to improve pipe assessment 57 
management models that can be used to predict failures, 58 
as well as planning for rehabilitation and failure 59 
mitigation strategies of the asset.  60 
The performance of buried pipes is generally related to 61 
the environmental and operational conditions. Deformation 62 
of soil due to loading and/or volume change as a result 63 
of moisture content variation can apply stresses on the 64 
pipe, while thermal effects due to seasonal changes in 65 
soil temperature can cause expansion and contraction of 66 
the pipe. Failure of pipes can occur due to the applied 67 
stresses exceeding the strength of the pipe and/or 68 
fatigue due to cycles of expansion and contraction. 69 
Kassiff and Zeitlin (1962) reported the correlation 70 
between buried pipe failure and ground movement due to 71 
the expansive nature of clay. High stresses produced by 72 
swelling of reactive clay can damage pipelines by 73 
introducing cracks and ruptures in longitudinal and 74 
circumferential directions. Studies of buried pipes in 75 
Victoria, Australia (Kassiff and Holland 1965; 1966; Chan 76 
2008; Gould and Kodikara 2009) have shown that 77 
significant increases in failure rates are recorded in 78 
hot and dry seasons. Most of these failures resulted from 79 
excessive longitudinal tensile stresses within areas of 80 
reactive clay as well as periods of relatively low annual 81 
rainfall.  82 
The study by Gould and Kodikara (2009) on the pipe 83 
failure data of three gas authorities in Victoria, 84 
Australia during the period from 1991 to 2007 indicated 85 
that peak failure rates were recorded in years with peak 86 
net evaporation. A good correlation was also obtained for 87 
pipe failure with reduced rainfall, as decreasing soil 88 
moisture content in the pipe environment can lead to 89 
increased pipe failure rates. These effects are much more 90 
pronounced after a prolonged hot and dry period, 91 
highlighting the susceptibility of the existing pipe 92 
network to local climatic changes. Furthermore, various 93 
factors were found to have strong influences on pipe 94 
failure, and cast iron pipes buried in expansive soils 95 
with diameters of 100 to 150 mm were found to have the 96 
highest failure rates.  97 
Based on the field studies undertaken to date (Kassiff 98 
and Holland 1965; Clayton et al. 2010; Hu and Vu 2011), 99 
seasonal climate changes and the subsequent variation of 100 
soil moisture content are the main cause of pipe 101 
failures. However, these studies were performed either by 102 
burying test pipes in the ground or by replacing old 103 
pipes with instrumented new pipes; a study of in-service 104 
buried pipes has not been carried out. Essentially, it is 105 
important to understand the behaviour of existing pipes 106 
(e.g. asbestos cement pipes, cast iron pipes) as they 107 
normally constitute over 50 % of the total pipe network, 108 
and a   considerable proportion of these pipes were 109 
installed several decades ago. Accordingly, field 110 
instrumentation was implemented on an in-service gas pipe 111 
owned by SP AusNet; the surrounding soil was instrumented 112 
to monitor the performance in reactive soil subjected to 113 
seasonal climate variations. This paper reports the 114 
details of the field instrumentation and the results of 115 
the pipe temperature, sub-soil displacement, soil water 116 
content, soil suction, soil temperature and pipe strain 117 
measured for a period of over two years from September 118 
2008.  119 
 120 
Instrumentation site 121 
Site selection 122 
A statistical analysis of the failure data of gas pipes 123 
by Gould and Kodikara (2009) showed that pipes with 124 
nominal diameters of 100 to 200 mm have the second 125 
longest length in SP AusNet network, and the highest 126 
failure rates were recorded for 100 to 150 mm cast iron 127 
gas pipes. Chan (2008) reported that over 73% of pipe 128 
failures in reticulation pipes (diameters of 80 to 300 129 
mm) occurred with cast iron (CI) pipes. Based on these 130 
findings, it was decided that the field instrumentation 131 
should be undertaken on a 150 mm CI gas pipe within the 132 
SP AusNet region. The locations of the instrumentation 133 
sites were selected after consideration of the following 134 
criteria: 135 
 the site is in an area with a history of  high 136 
failure rates ;  137 
 the site contains a CI gas pipe with a nominal 138 
diameter of 150 mm; 139 
 the site is located in a region of reactive soil;  140 
 no previous failures have occurred within the 141 
instrumentation pipe length; 142 
 the pipe section e spans  nature strip and driveway 143 
to enable the study of driveway effects; 144 
 a wide nature strip  to allow for instrumentation; 145 
 the site should be reasonably clear of other 146 
utilities, e.g. services pipes, power cables, 147 
telecommunication cables, etc.; 148 
 the nature strip has a relatively flat ground 149 
surface to avoid the effects of sloping ground and 150 
the risk of potential flooding; 151 
 no trees or other large vegetation are located 152 
within the instrumentation area; and 153 
 the site is in a relatively quiet area with low 154 
traffic flow for safety of instrumentation. 155 
Numerous potential sites were screened using drive-by and 156 
walking surveys according to the above criteria. Ten 157 
sites were selected from SP AusNet regions for further 158 
investigation of soil depth and site-specific properties. 159 
According to the Australian Standard AS 2870 Residential 160 
slab and footing design (Standards 2011), the suction 161 
change depth (or reactive zone depth) in the Western 162 
Melbourne area is approximately 1.5 m to 2.3 m. Site 163 
investigations were undertaken with hand auguring to a 164 
depth of 1.8 m to ensure that shallow bedrocks did not 165 
exist, which could interfere with sensor installation. 166 
The site chosen for instrumentation was located in 167 
Fawkner, Victoria, Australia. The site has a 2 m layer of 168 
basaltic clay below the ground surface.  169 
 170 
Soil conditions 171 
Core soil samples were collected from the site for 172 
characterisation. Push tubes of 100 mm diameter were used 173 
to source core samples for laboratory testing. Laboratory 174 
soil testing including Atterberg limits, initial dry 175 
density and moisture content, swelling potential, 176 
saturated hydraulic conductivity and soil water 177 
characteristics curves (SWCC) were performed. Physical 178 
properties of the field samples along the depth were 179 
measured and the results are summarised in Table 1. 180 
Figure 1 shows the results of the Atterberg limits tests 181 
in the plasticity chart. Non-plastic top soil was found 182 
on site to a depth of 300 mm, followed by a consistent 183 
layer of clay classified as inorganic clays of high 184 
plasticity from 300 to 2000 mm. The soil profile of the 185 
site is shown in Figure 2. 186 
The specific gravity of the soil at pipe depth was found 187 
to be 2.6. Figure 3 shows the particle size distribution 188 
of the soil at pipe depth and indicates that it contains 189 
approximately 50 % of clay.  190 
Swelling properties of the soil were measured from core 191 
samples at various depths using an oedometers. The 192 
testing was conducted in accordance with the procedure 193 
outlined in ASTM D4546 (ASTM International 2008). Core 194 
samples from the selected sites were cut into 195 
consolidation rings and placed in the oedometers. A 196 
seating pressure of 3 kPa was applied before the 197 
specimens were inundated with water and soil swelling 198 
started. Step loading was applied when swelling had 199 
ceased, then the specimens started to consolidate under 200 
the applied load. The next loading step was applied when 201 
consolidation ceased. The pressure required for bringing 202 
the sample height to its initial height was recorded as 203 
its swelling pressure (Nelson et al. 2006). As shown in 204 
Figure 4, the swelling pressure of the specimens varies 205 
from 80 to 560 kPa. This variation is affected 206 
predominantly by the initial moisture content and the dry 207 
density of the specimens. However, the results suggest 208 
that the clay soil exhibited significant swelling and 209 
shrinking behaviour due to change of moisture content. 210 
The soil water characteristic curve (SWCC) of the soil 211 
was measured using the filter paper method. Core samples 212 
at various depths were used and the results are shown in 213 
Figure 5. The experimental results are shown as data 214 
points and fitted by the Fredlund and Xing (1994) 215 
equation. 216 
The saturated hydraulic conductivity of the top soils was 217 
tested in the field with an air entry permeameter. Core 218 
samples collected from   below 300 mm were tested in the 219 
laboratory using the constant head method with a flow 220 
pump system and flexible wall apparatus. The results are 221 
shown in Table 1.  222 
 223 
Pipe conditions 224 
Asset data from SP AusNet indicated that the CI gas pipe 225 
installed in 1964 has an internal diameter of 150 mm. The 226 
pipe surface was cleaned during field instrumentation to 227 
allow for measurement of wall thickness with an ultra-228 
sonic gauge. Measurements were taken at twelve locations, 229 
the pipe top, bottom and springlines at each of the three 230 
pits. The average pipe wall thickness was 9.9 mm. The 231 
pipe crest was located at a depth of 0.6 m from the 232 
ground surface. 233 
   234 
Site plan  235 
The detailed site plan in Figure 6 illustrates the 236 
location of access pits and other buried utilities on 237 
site. The total length of the nature strip considered for 238 
instrumentation was 27.5 m and the width was 3.74 m, to 239 
provide sufficient space for excavation and 240 
instrumentation. Apart from the gas pipe to be 241 
instrumented which was located 1.8 m away from the 242 
property boundary, the telecommunication cables were 243 
located in a 120 mm diameter PVC pipe 1.5 m from the 244 
property boundary, and overhead power lines were located 245 
6 m above the ground surface. Gas and water service pipes 246 
were also found, as shown in the figure. 247 
The locations of the three instrumentation pits were 248 
designed to avoid interference with these utilities. As 249 
shown in Figure 6, each pit had two sections, a large pit 250 
for soil instrumentation and a small pit for pipe 251 
instrumentation. Pit 1 was located beneath the driveway, 252 
while Pits 2 and 3 were located in the nature strip 6.9 253 
and 14.85 m away from the centre of the driveway, 254 
respectively. The small pits for pipe instrumentation 255 
were excavated to a depth of 1.2 m below the ground 256 
surface, and the large pits for soil monitoring sensors 257 
installation were excavated to 1.1 to 1.8 m below ground 258 
surface, depending on the depth of the basalt rock. 259 
 260 
Field monitoring systems 261 
Overview 262 
The locations of the three pits were selected to monitor 263 
the pipe strain between two driveways. Pit 1 was the end 264 
support and Pit 3 was at the mid span of the ‘beam’. 265 
According to the records of SP AusNet, the gas pipe was 266 
made up of 2.7 m long pipe segments connected with bolted 267 
joints. A joint was found beneath the driveway and hence 268 
other joints were assumed to be located every 2.7 m from 269 
there. 270 
Various sensors were installed in the field as shown in 271 
Table 2. In addition to these sensors, three sacrificial 272 
anodes were connected to the instrumented pipe section 273 
close to the strain gauges, in order to reduce corrosion 274 
and protect the gauges. 275 
The section layout in Figure 7 illustrates the vertical 276 
long-section (section X-X) of the instrumentation pits 277 
with the location of soil monitoring sensors, and the 278 
cross-section (section Y-Y) shows the location of 279 
additional sensors installed in the other direction in 280 
Pit 2. Note that thermal conductivity sensors, theta 281 
probes and thermocouples were installed above and below 282 
the pipe by drilling horizontally through the soil from 283 
the larger part of each pit. 284 
Installation of the steel cabinet and weather station was 285 
done on 9th September, 2008. The majority of field work 286 
was undertaken between 15th and 23rd September, 2008. A rod 287 
extensometer was also installed on 22nd October, 2008 for 288 
monitoring of soil displacement. 289 
 290 
Weather station 291 
The local climate at the selected sites was monitored 292 
using a Campbell Scientific weather station. The weather 293 
station included a tipping bucket rain gauge (model 294 
CS700, Campbell Scientific Inc., US) with a measurement 295 
range of 0 to 500 mm/hr and resolution of 0.254 mm, an 296 
wind sentry anemometer (model 03101-L, Campbell 297 
Scientific, Inc., US) with a range of 0 to 50 m/s and 298 
resolution of 0.5 m/s, a pyranometer (model LI200X, 299 
Campbell Scientific, Inc., US) for measurement of solar 300 
components, and a temperature and relative humidity 301 
sensor (model HMP50, Campbell Scientific, Inc., US). Each 302 
component was tested in the laboratory for its responses 303 
and the accuracy of measurements in engineering units. 304 
The weather station was attached to a galvanised steel 305 
pipe and connected to the instrumentation cabinet such 306 
that it was located 4.5 m above the ground surface. The 307 
rain gauge was levelled after installation to ensure 308 
accurate measurement. The sensor cables were located 309 
inside the galvanized steel pipe and directly connected 310 
to a data logger (model CR 800, Campbell Scientific, 311 
Inc., US) located in the steel cabinet. Figure 8 shows 312 
the weather station installed on site. 313 
 314 
Excavation 315 
Excavation was started by identifying the locations of 316 
the buried services and marking the pits with spray 317 
paint. The excavation was performed using an excavator, 318 
while spoil from each pit was transported away and stored 319 
in separate marked piles. This was deemed to be necessary 320 
to avoid the spoil interfering with the site activities. 321 
The soil excavated from each pit was returned to the same 322 
pit during backfilling. When excavation was completed, 323 
shoring was set up in the large pits prior to sensor 324 
installation. In Pit 1, part of the concrete driveway was 325 
cut out prior to the excavation work. 326 
 327 
Pipe Instrumentation 328 
A total of 30 uniaxial strain gauges (three sets of ten 329 
gauges) were installed on the pipe for measurement of 330 
deformation response. Three-wire uniaxial strain gauges 331 
(model N11-FA-5-120-11, Showa measuring instruments Co. 332 
Ltd, Japan) with thermal expansion coefficient of 11 333 
με/°C (i.e. similar to thermal expansion of cast iron) 334 
were used for this work to compensate for possible change 335 
in strain of the cast iron pipe due to thermal expansion. 336 
Strain gauging was undertaken on the section of the gas 337 
pipe exposed by the small pits at each pit location. 338 
Strain gauges were installed at four locations in each 339 
pit; on the pipe top, bottom, and two springlines. At 340 
each location a gauge were installed along the 341 
longitudinal and circumferential direction respectively. 342 
In addition, two uniaxial strain gauges were installed at 343 
the top and bottom of the pipe along the longitudinal 344 
direction as back-ups. A cross-sectional view of the gas 345 
pipe with the orientation of the strain gauges is shown 346 
in Figure 9. 347 
In addition to the strain gauges, thermocouples (model 348 
105T-L, Campbell Scientific, Inc., US) were installed on 349 
the top and bottom of the pipe in each section to monitor 350 
the pipe temperature close to the strain gauges. Figure 351 
10 shows the locations of the strain gauges, 352 
thermocouples and earth pressure cells in a vertical 353 
long-section, section X-X. 354 
Prior to the installation of strain gauges and 355 
thermocouples, dirt and graphite on the pipe surface were 356 
removed using a sanding disk and the pipes were further 357 
cleaned with cotton pads soaked in isopropyl alcohol. The 358 
strain gauges were attached to the pipe with special 359 
adhesive. Curing of the glue was accelerated using heated 360 
vacuum pads. Since the uniaxial strain gauges require the 361 
wires to be attached by the user after installation, 25 m 362 
long shielded data cables were soldered to the gauges 363 
after the adhesive cured.  Once the data cables were 364 
attached, three layers of waterproofing material were 365 
applied on the strain gauges and surrounding areas to 366 
provide protection against moisture.  367 
Data recording of the pipe monitoring gauges was begun on 368 
23rd September, 2008 when the field instrumentation was 369 
completed. These data were taken as the base values to 370 
initialise the later data.  371 
 372 
Dummy Pipe Installation 373 
The strain gauges may be subjected to temperature effects 374 
and measuring expansion and contraction of the cast iron 375 
pipe due to temperature change. Correction of the 376 
temperature effect can be applied by measuring the 377 
strains of a cast iron pipe similar to the instrumented 378 
gas pipe, buried in the same conditions, but not 379 
subjected to any load. A dummy pipe section 280 mm long 380 
was prepared for this purpose with two uniaxial strain 381 
gauges (in longitudinal and circumferential directions) 382 
and a thermocouple installed, as shown in Figure 11. The 383 
instrumented dummy pipe was placed in a plastic canister 384 
buried in the small section of Pit 3 close to the 385 
instrumented pipe. 386 
  387 
Earth pressure cells (EPCs) 388 
Soil pressure applied to the pipe due to swelling and 389 
shrinkage of the soil was measured using two types of 390 
pressure cells.  Vibrating wire earth pressure cells with 391 
1 MPa capacity (model 4800, Geokon, Inc., US) and micro-392 
strain earth pressure cells with 500 kPa capacity (model 393 
KDE-PA, Tokyo Sokki Kenkyujo Co., Ltd., Japan) were 394 
selected. The pressure cells were installed directly 395 
above and beneath the cast iron pipes for the measurement 396 
of soil pressure. Calibration was undertaken in the 397 
laboratory by applying a known pressure (i.e. dead 398 
weight) to the cells and recording the output values. 399 
In the installation process, a small hole was dug in the 400 
wall of the pit above or beneath the pipe and a flat top 401 
or base was prepared using a thin layer of sand to ensure 402 
uniform contact between the pressure cell and the soil. 403 
The pressure cells were placed directly above or beneath 404 
the pipe in order to directly measure the soil pressure 405 
exerted on the pipe. In addition, a 15 mm thick, 200 mm 406 
diameter steel plate was placed on the top of the 407 
vibrating wire pressure cells to ensure that the soil 408 
pressure was uniformly distributed on the pressure cell. 409 
The surrounding areas were then backfilled with the 410 
original soil. Figure 12(a) shows a micro-strain earth 411 
pressure cell installed on top of the gas pipe and a 412 
vibrating wire earth pressure cell installed beneath the 413 
pipe is shown in Figure 12(b). Only one micro-strain type 414 
pressure cell was installed in Pit 1 (EPC 3 as shown in 415 
Figure 10), as the change of soil pressure under the 416 
driveway was expected to be minimal.  417 
 418 
Thermocouples (TCs), Thermal conductivity sensors (TCSs), 419 
Theta probes (TPs) 420 
A total of fifteen Type T thermocouples (model 105T-L, 421 
Campbell Scientific, Inc., US) were buried at various 422 
depths in the soil to monitor the soil temperature. All 423 
the thermocouples were tested in the laboratory by being 424 
immersed in water of known temperature prior to 425 
installation in the field. 426 
Soil suction in the ground was monitored by fifteen 427 
thermal conductivity sensors (model 229, Campbell 428 
Scientific, Inc., US). These sensors consist of a heating 429 
device embedded within the porous ceramic matrix tips, 430 
which increase the temperature in the sensor momentarily. 431 
The temperature difference before and after heating is 432 
dependent on the surrounding moisture content of the 433 
ceramic (ICT International 2007). The sensor is designed 434 
in such a way that it is in equilibrium with the 435 
surrounding soil suction, and therefore with calibration, 436 
measures the suction prevailing in the surrounding soil.  437 
The soil moisture content was measured using theta probes 438 
(model ML2x, Delta-T Devices Ltd., UK). The measurement 439 
of volumetric soil moisture content is based on the 440 
change of dielectric constant due to differences in soil 441 
moisture. Similar to thermal conductivity sensors, the 442 
output of a theta probe varies between soil types. 443 
Therefore, the sensors were calibrated using soil samples 444 
collected from the site.  445 
The soil monitoring sensors were installed at four 446 
different levels in the large sections of the pits. The 447 
locations of the sensors are shown in Figures 6 and 7. 448 
Another set of soil sensors was installed at three levels 449 
in Pit 2 away from the pipe. Additional theta probes were 450 
installed in Pit 2; one in the nature strip at pipe 451 
depth, and two under the footpath 270 and 900 mm below 452 
the ground surface (Figure 7). These probes were 453 
installed to monitor the soil in the nature l strip for 454 
comparison with the measurements made with the pipe 455 
profile. The soil monitoring sensors were installed by 456 
horizontally drilling holes with a motor auger to reach 457 
the required depth for installation of the sensor above 458 
or below the pipe. 459 
Good contact between the soil and sensors is essential to 460 
obtain accurate results, however due to the different 461 
design of each sensor; the installation methods were 462 
slightly different. Since the thermocouples were 463 
relatively smaller in size with a flat head, a cavity 464 
slightly smaller than the thermocouple was prepared at 465 
the end of the hole using a screwdriver (Figure 13(a)) 466 
prior to installation. The thermocouple was then inserted 467 
into the cavity (Figure 13(b)) and the horizontal holes 468 
were backfilled with surrounding soil. 469 
Thermal conductivity sensors consist of a circular 470 
ceramic head, and were installed by being inserted in a 471 
small cavity created by a piece of wooden dowel slightly 472 
smaller than the sensor head (Figure 14(a)). The cavity 473 
was enlarged when the sensor head was pushed in using a 474 
thin metal tube (Figure 14(b)), providing good contact 475 
with the soil. 476 
The design of the theta probes allows an easier 477 
installation method, as the sensor pins can be directly 478 
inserted into the soil. As shown in Figure 15(a), the 479 
theta probe was pushed into the pre-drilled hole with a 480 
short length of electrical conduit and installed 481 
horizontally in the soil (Figure 15(b)). All of the soil 482 
monitoring sensors were installed horizontal to the 483 
ground surface in order to minimise possible measurement 484 
errors due to the non-uniform vertical flow of moisture 485 
in soil. 486 
 487 
Backfilling 488 
All pits were backfilled using the original material and 489 
compacted to a density close to the initial density, and 490 
the same amount of soil excavated from each pit was used 491 
to backfill the pits. However, no in-situ density 492 
measurements were conducted. 493 
The compaction at each pit was done in layers of four to 494 
five, and loose soil was spread out and sprayed with 495 
water before being compacted using a vibrating plate 496 
compacter. Compaction of soil close to the pipe and the 497 
sensor cables was performed by hand. A temporary driveway 498 
was constructed with a layer of bitumen on top of Pit 1 499 
and a new driveway was installed at a later stage. 500 
Reinstatement was undertaken at the site with fresh turf.  501 
 502 
Rod extensometer 503 
A custom-built multipoint borehole rod extensometer 504 
(model 4000, Geotechnical Systems Australia, Australia) 505 
was installed to monitor the soil displacement. Figure 16 506 
shows the rod extensometer has four hydraulic inflatable 507 
anchors and a reference head. The anchors are located at 508 
0.6 m, 0.8 m, 1.0 m and 2.0 m from the reference head. 509 
During installation, a bore hole 75 mm in diameter and 510 
3.4 m deep was drilled on site so that anchor 3 at the 511 
bottom of the rod extensometer was located in the basalt 512 
rock, and the other anchors were located in the soil. The 513 
anchors were then inflated so that the blades cut into 514 
the soil for maximum contact. The bottom section of the 515 
rod extensometer was grouted with cement and anchor 3 was 516 
fixed to the rock when the cement had hardened. The 517 
remainder of the hole was filled with weak bentonite-518 
cement mixed slurry to provide support for anchors 4, 5 519 
and 6. Relative soil displacements were measured using 520 
transducers inside the reference head. The anchors fixed 521 
in the rock measured the movement of the reference head 522 
with respect to the rock, while the transducers attached 523 
to the anchors in the soil gave the relative movements 524 
with respect to the reference head. Therefore the actual 525 
movement of these anchors with respect to the rock could 526 
be calculated from the measurement of the rock anchors. 527 
 528 
Data logging system 529 
The monitoring system and sensors described previously, 530 
except the weather station, were connected to the data-531 
logger (model CR1000, Campbell Scientific, Inc., US) and 532 
its peripherals. The data-logging systems were mounted on 533 
a wooden board prior to field work to allow for testing 534 
of all the sensors in the laboratory. A customized 535 
logging program provided by Campbell Scientific was 536 
uploaded to the CR1000 data-logger using the Loggernet 537 
(2014) software. Manufacturer and laboratory calibration 538 
factors were embedded in the logging program so that the 539 
sensor outputs were converted to the preferred units. The 540 
acquired data were saved on a 2GB compact flash card 541 
inserted in the CR1000 data-logger at ten-minute 542 
intervals. 543 
The weather station required a different data-logger and 544 
logging program. In this case, a CR800 data-logger was 545 
used for communication and data-logging. The operation of 546 
CR800 is similar to that of the CR1000, and the Loggernet 547 
software can be used for both loggers. Data measured by 548 
the weather station were stored in the internal memory of 549 
CR800 at ten- minute intervals.  550 
Data logging of most sensors began when installation was 551 
completed on 22nd September, 2008, with the exception of 552 
the weather station, which started logging after its 553 
installation on 11th September, 2008. A view of the data 554 
acquisition system is shown in Figure 17. 555 
 556 
Results and discussion 557 
Data collection 558 
Data collection was scheduled for the site on a monthly 559 
basis. Sensor data were collected from the CR1000 data-560 
logger by swapping the existing flash card with an empty 561 
one. The climate data from the weather station were 562 
collected from the CR800 data-logger using a direct 563 
connection with the laptop with a serial port cable. This 564 
section presents the analysis and discussion of the data 565 
collected over the two years from 22nd September, 2008 to 566 
24th May, 2011.  567 
 568 
Soil and pipe temperature 569 
Soil temperature was measured at various depths in the 570 
pits by thermocouples in the instrumentation sites. The 571 
plots of the temperature data in Pit 1 and Pit 2 are 572 
shown in Figures 18 and 19 respectively, and since the 573 
temperature recorded in the pits in the nature strip 574 
(i.e. Pits 2 and 3) were similar, only the plot for Pit 2 575 
is included in this paper. Air temperature measured by 576 
the weather station on site and the pipe temperature are 577 
also included in the plots. 578 
The measured soil temperature is generally related to 579 
seasonal changes of air temperature. Soil closer to the 580 
ground surface (250 or 350 mm) is more affected by the 581 
variation of air temperature, while the soil at greater 582 
depths (800 mm and below) shows a subtler variation with 583 
minor influence from the air temperature. 584 
The heat trapping effect of the driveway on soil can be 585 
observed, as the temperature recorded at shallow depths 586 
(i.e. 350 to 500 mm) in Pit 1 is higher than in the other 587 
pits. This may be due to the concrete driveway having a 588 
higher thermal conductivity than the soil in the nature 589 
strip. The soil temperature at greater depths is similar 590 
for Pit 1 and 2. At 900 and 1000 mm, the variation of 591 
temperature is 27 C to 14 C, and at depths of 1400 and 592 
1500 mm the range is 24 C to 14 C from summer to winter 593 
respectively. The soil temperature is affected by the 594 
seasonal atmospheric air temperature, and the variation 595 
of soil temperature with depth is approximately -3 C per 596 
metre in hot weather and +3C in cold weather.   597 
The temperature measured at the top of the gas pipe 598 
located at a depth of 600 mm is consistent with, and at 599 
certain points is higher than, the soil temperature 600 
measured at 500 mm. This is due to the higher thermal 601 
conductivity of cast iron pipe than the soil. The 602 
measurement record implies that the pipe and surrounding 603 
soil are in a state of thermal equilibrium with a 604 
variation of approximately 14 C throughout the 605 
monitoring period. Significant thermal stress can be 606 
induced on the pipe due to the variation of pipe 607 
temperature.   608 
 609 
Moisture content and suction 610 
The matric suction and volumetric moisture content of the 611 
soil were measured by the sensors installed at different 612 
depths, as previously described. Figures 20 and 21 show 613 
the plots of volumetric moisture content and matric 614 
suction recorded in Pit 1 (beneath the driveway) and 2 615 
(nature strip) respectively. Since the records for the 616 
nature strips were similar, only Pit 2 data is plotted. 617 
The figures are formatted such that moisture content is 618 
plotted on the top, suction is plotted in the middle, and 619 
daily rainfall is plotted at the bottom. In general, the 620 
theta probes (TPs) provide more robust measurements than 621 
the thermal conductivity sensors (TCSs), as the suction 622 
values tend to approach zero when the soil moisture 623 
content increases. 624 
Good correlation can be observed between soil moisture 625 
content and suction with rainfall. Sensor records at 626 
shallow depths are highly affected by rainfall events, 627 
while seasonal variation with delay in response is 628 
recorded by sensors at 1000 mm and beyond.  629 
Figure 20 shows the data recorded in Pit 1, beneath the 630 
driveway. Since the impermeable concrete slab and crushed 631 
rock blocked off the rainfall, moisture could only 632 
infiltrate the ground from the side of the driveway. 633 
Responses to soil moisture change due to rainfall events 634 
are generally slower in accordance with the depth of 635 
soil. The suction sensors are not very responsive to 636 
suction change, as the fluctuation of suction from 637 
September 2008 to January 2010 is minimal. The reason for 638 
the sudden rise in suction in January 2010 may primarily 639 
be due to the significant decrease of moisture content 640 
during the same period of time. A big rise of moisture 641 
content can be observed from late 2010 to early 2011, 642 
when significant rainfall events increased the soil 643 
moisture content at all depths of the soil. Decrease of 644 
suction was also recorded corresponding to the rainfall. 645 
A cyclic behaviour can be observed for the moisture 646 
content and matric suction sensors at the depth of 1000 647 
mm, with minimum soil moisture occurring in August and 648 
maximum in March, with the exception of November 2010, 649 
when a series of intense rainfall events occurred. It is 650 
believed that the soil at this depth and deeper under the 651 
driveway are sealed off and unaffected by general surface 652 
weather conditions.   653 
The soil moisture content in the nature strip is closely 654 
related to surface weather events. As shown in Figure 21,  655 
the responses of TPs and TCSs at 300 mm in  Pit 2 656 
increase or decrease corresponding to rainfall events. At 657 
the greater depths of 900 and 1500 mm, the variations of 658 
moisture content and suction are relatively low. Seasonal 659 
variation of soil moisture can also be identified at 660 
these depths with delay in response to climate events of 661 
a few weeks to months, with minimum moisture content 662 
being recorded in August, and maximum moisture in March. 663 
A sudden drop of suction was recorded at all depths in 664 
late 2010 due to a series of continuous rainfall events. 665 
Increase of moisture content can also be noticed 666 
corresponding to this change up to 2011, similar to the 667 
data recorded in Pit 1. 668 
The soil moisture content and suction measurement 669 
generally correspond to each other, except at certain 670 
locations with anomalous behaviour. Soil layers at 671 
shallow depths above 800 to 900 mm are affected by the 672 
prevailing climate and rainfall, while cyclic seasonal 673 
variation can be observed below this depth with subtler 674 
response to the prevailing climate. The soil moisture 675 
content around pipe depth of 650 mm is similar to that 676 
recorded at 500 mm and fluctuates in response to weather 677 
events. The intense rainfall events starting at the end 678 
of 2010 increased the soil moisture content at depths of 679 
900 mm and deeper. The gas pipe buried at 650 mm is prone 680 
to changes in the weather, and according to the data the 681 
change in moisture content at this depth was 682 
approximately 10% throughout the monitoring period.  683 
 684 
Soil pressure 685 
 Six earth pressure cells (EPCs) were installed at the 686 
site, and the orientation of the cells is shown in Figure 687 
10. EPCs 1 and 2 in pink are vibrating wires and EPCs 3, 688 
4, 5 and 6 in orange are micro-strain pressure cells. The 689 
soil pressure is plotted in Figures 22 and 23 according 690 
to the pits. EPCs 2 and 3 provided anomalous data and 691 
have not been included in the analysis. The average soil 692 
moisture content measured at 500 mm is included in the 693 
figures for analysis. 694 
In Figure 22 EPC 4 in pit 2 shows the relationship 695 
between soil pressure and soil moisture content. The soil 696 
pressure generally fluctuates according to increased and 697 
decreased soil moisture content, which implies that soil 698 
pressure increases as a result of soil swelling when 699 
moisture content increases and a decrease in soil 700 
pressure corresponds to shrinkage of soil when moisture 701 
reduces. The pressure recorded by EPC 1 shows greater 702 
variation than EPC4 but can be recognised to follows the 703 
same soil pressure and moisture variations.  704 
In Pit 3, EPCs 2, 5 and 6 were installed above and 705 
beneath the pipe but as previously mentioned, EPC 2 did 706 
not provide meaningful data and the results have been 707 
ignored in the analysis. Figure 23 shows the fluctuation 708 
of pressure recorded by EPCs 5 and 6. In general, similar 709 
to Pit 2, increased soil pressure can be observed in EPC 710 
5 when moisture content is increasing, especially during 711 
the high rainfall periods at the end of 2010 to 2011. EPC 712 
6 is the only pressure cell installed above the pipe. The 713 
pressure record shows that this cell experiences a lower 714 
overburden pressure than other sensors as it is located 715 
closer to the ground. The recorded pressure change is 716 
generally related to variation of soil moisture content, 717 
similar to other EPCs to a certain extent. 718 
The recorded pressure data shows a degree of 719 
randomisation, meaning that a firm conclusion cannot be 720 
drawn. According to the available data, it seems that 721 
swelling of soil due to increase of moisture has occurred 722 
below the pipe, which may lead to pressure increase as it 723 
compresses the pressure cell towards the pipe. During the 724 
dry period, when the moisture content is reducing, the 725 
shrinking of soil leads to the release of soil pressure 726 
as a reduction in pressure is recorded by most of the 727 
cells. The pressure data suggest that the soil in certain 728 
locations is more sensitive to moisture change, possibly 729 
due to the differences in initial soil density of the 730 
holes during backfilling.  731 
When the soil pressure increases during wetting and 732 
subsequently decreases during drying, it is expected that 733 
additional stress is imposed on the pipe due to soil 734 
swelling. Variation of soil pressure can be considered as 735 
a cyclic behaviour to some extent related to the seasonal 736 
fluctuation of soil moisture content.  737 
It is worth noting that the effect of traffic loading 738 
under the concrete driveway is not significant, since 739 
light vehicles do not have much influence on a pipe 740 
buried 650 mm from the concrete surface. A recent study 741 
by the authors on pipes buried under bitumen and concrete 742 
roadways showed that even for heavy trucks (60 kN load on 743 
single tyre) generated only about 10 microstrain on a 744 
slightly corroded cast iron water pipe of 660 mm diameter 745 
buried 900 mm from the road surface (D. Chan, J. K. 746 
Kodikara, P. Rajeev, and D. J. Robert, "Field study of 747 
large diameter cast iron water pipe buried under a 748 
roadway,” working paper, Monash University, Melbourne, 749 
Victoria) 750 
 751 
Soil displacement 752 
Displacement of soil measured with rod an extensometer 753 
and the average moisture contents measured by TPs at 500 754 
and 900 mm beneath the nature strip are plotted in Figure 755 
24. The measured data became erratic in late 2010 and 756 
therefore analysis was only performed for the available 757 
data. 758 
It is clear that swelling and shrinking of soils occurred 759 
where in general maximum swelling occurred in January, 760 
while maximum shrinkage occurred in June. When compared 761 
with the average moisture content, a better correlation 762 
can be observed between the soil displacements with the 763 
moisture content at 500 mm. Increase in soil displacement 764 
is correlated to increase of soil moisture and vice 765 
versa. The same trend can be seen for the anchors at 1050 766 
mm and even 1250 mm. The data suggest that soil movement 767 
as a result of seasonal soil moisture variation occurred 768 
on site with movement of up to 80 mm during the period of 769 
high rainfall at the end of 2010 at 1050 mm, which lead 770 
to substantial movement of the pipe buried at 650 mm. 771 
 772 
Pipe strain measurement  773 
Strain gauges were installed at four locations on the 774 
pipe in each pit to measure the longitudinal and hoop 775 
strains experienced by the pipe. The orientation of the 776 
strain gauges is illustrated in Figure 9.  777 
The measured average strains in longitudinal and hoop 778 
directions in each pit are plotted in Figure 25. The sign 779 
convention used is tension is shown in positive and 780 
compression in negative, following the traditions of 781 
structural engineering. A longitudinal strain gauge 782 
(Strain 10C) gave erratic measurements, and was believed 783 
to be faulty. Unfortunately, this gauge was located on 784 
the spring line right and no back-up gauge was installed. 785 
The measurements of this gauge are excluded from the 786 
plots and the analysis. A clear trend of seasonal 787 
variation can be seen in the figure as the pipe undergoes 788 
tension in February and March and compression in August 789 
and September. When comparing the strain with the pipe 790 
temperature measured on the pipe surface, a close 791 
correlation can be observed. The maximum longitudinal 792 
tensile strains on the pipe are approximately 805, 670 793 
 and 420 in Pits 1, 2 and 3 respectively, while the 794 
maximum longitudinal compressive strains are 135, 120 795 
 and 3.6  at Pits 1, 2 and 3 respectively. The 796 
recorded data suggest that the pipe experienced higher 797 
strain in tension during February and March, and there is 798 
greater possibility of   failure at that time. The 799 
seasonal effect can also be observed in the hoop strain 800 
with relatively lower magnitude compared to the 801 
longitudinal strain.  802 
The change in flexural strain between the top and bottom 803 
of the pipe in each pit is plotted with other selected 804 
measurements including soil displacement, soil moisture 805 
content and rainfall in Figure 26. The figure contains 806 
coloured backgrounds to identify the four seasons. 807 
In general, the pipe strain is in a decreasing trend 808 
after field instrumentation until 2011. Fluctuation of 809 
soil displacement can be observed throughout the 810 
monitoring period, but it is obvious that pipe strain 811 
reduces when the soil displacement increases and vice 812 
versa. The same behaviour is observed when comparing the 813 
recorded strain with average soil moisture content in the 814 
nature strip, especially at the depth of 500 mm. For 815 
example, the increase of soil moisture from winter 2009 816 
to summer 2010 is correlated to the decrease of pipe 817 
strain measured in all pits. Based on the understanding 818 
that soil swelling is a result of increased moisture 819 
content, which can then lead to upward bending of the 820 
pipe, if the buried pipe is assumed to behave like a beam 821 
with partially fixed end support at the driveways, the 822 
pipe bends upward when the top is under compression 823 
(decrease in strain) and bends downward (increase in 824 
strain) when the top is in tension. The results show that 825 
the pipe predominantly bent downward during the 826 
installation in summer 2009 and when the moisture content 827 
increased from winter to spring in 2009 the swelling of 828 
the soil pushed the pipe upward. Melbourne experienced   829 
wet summers in 2010 and 2011, and as a result further 830 
upward bending of the pipe occurred, expressed by the 831 
decrease in flexural strain to the maximum of -700 m in 832 
Pit 3. 833 
Previous studies (Ibrahimi, 2005; Chan, 2008; Gallage et 834 
al., 2008; Gould and Kodikara, 2008) of pipe failures in 835 
Melbourne have shown that higher failure rates are 836 
recorded in hot and dry summers, when soil shrinkage is 837 
the predominant behaviour. Similar results were obtained 838 
in this study, as the pipe underwent tension (downward 839 
bending) in the summer and compression (upward bending) 840 
in winter and spring. However, during the study period 841 
the pipe experienced wet summers while the hot and dry 842 
summers that are suspected to lead to higher pipe 843 
failures did not occur. The variations in soil 844 
displacement, moisture content and flexural strain 845 
recorded in this study indicate that pipe bending is 846 
affected by weather events (e.g. rainfall and 847 
evapotranspiration), while upward and downward bending 848 
occur with respect to these events.  849 
The pipe-soil behaviour in typical driveway conditions 850 
corresponding to a change in soil moisture content in the 851 
vertical direction is shown in Figure 27. Soil shrinkage 852 
in dry periods leads to downward bending of the pipe, 853 
while the pipe top experiences tensile strain in the 854 
downward bending. In the case of extreme dry weather, the 855 
pipe may be dragged down by the soil during shrinkage, 856 
and considerable flexural stress will be induced on the 857 
pipe. In wet periods, swelling of the soil beneath the 858 
pipe leads to upward pipe bending with compressive strain 859 
on the top of the pipe, similar to the behaviour observed 860 
in the wet periods in this study. The cyclic upward and 861 
downward bending of the pipe due to the wetting and 862 
drying of soil can reduce the strength of the pipe and 863 
lead to circumferential fractures. 864 
 865 
Conclusions 866 
The following conclusions can be drawn from the analyses 867 
of field data described in this paper: 868 
 Fluctuation of soil temperature is directly related 869 
to the seasonal air temperature. The change of soil 870 
temperature with depth is approximately -3 and +3 C 871 
per metre during summer and winter periods 872 
respectively. The soil temperature decreases 873 
approximately 12 oC from summer to winter. 874 
 Soil moisture content and suction are closely 875 
related to rainfall and evapotranspiration at 876 
shallow depths (less than 1 m), and cyclic seasonal 877 
effects are recorded at greater depths (beyond 1 m). 878 
This behaviour is due to the time required for the 879 
water to penetrate to greater depths. The change of 880 
moisture content at pipe depth was approximately 881 
10 % throughout the monitoring period. 882 
 Change in soil pressure is subject to moisture 883 
change to some extent, as soil pressure increases 884 
with moisture content and vice versa. Soil pressures 885 
at the pipe depth peak in February and March, and 886 
reduce at other periods, which is generally 887 
correlated to the increase and decrease of soil 888 
moisture content. 889 
 Good correlation can be observed between soil 890 
displacement and moisture content. Swelling of soil 891 
occurs as a result of increased soil moisture 892 
content during wet periods, and soil shrinkage 893 
occurs in dry periods. A maximum soil swelling of 80 894 
mm was recorded. 895 
 The analysis of flexural stress shows that during 896 
the monitoring period, tensile strain developed at 897 
the top of the pipe in summer while compressive 898 
strain developed in winter and spring, generally due 899 
to downward and upward bending of the pipe in 900 
respect to the increase and decrease of soil 901 
moisture content, respectively.  902 
 Bending of the buried pipe due to the change of soil 903 
moisture content and relative displacement was 904 
observed in this study. The behaviour of the buried 905 
pipe is closely related to seasonal weather changes.  906 
 907 
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Table 1.  Physical properties of soil at the site 
 
LL = Liquid Limit, PL = Plastic Limit, IP = Plasticity Index, LS = Linear Shrinkage 
 
 
 
 
 
 
 
 
 
 
 
Depth 
(mm) LL (%) PL (%) Ip (%) LS (%) 
Dry 
Density 
(g/cm3) 
Initial 
Water 
content 
(%) 
Swelling 
pressure 
(kPa) 
Saturated 
hydraulic 
conductivity 
(m/s) 
Texture 
0 ~ 150 
(surface 
soil) 
N/A N/A N/A N/A N/A N/A N/A 2.52 x 10-5  
Brown/ 
dark 
brown 
150 ~ 300 69.1 22.4 46.7 19.7 N/A N/A N/A N/A Brown 
300 ~ 700 70.4 20.1 50.3 20.0 1.45 33.8 80 1.93  x 10-9 Brown 
700 ~ 
1200 60.3 17.5 42.8 18.1 1.59 27.5 380 2.73  x 10
-10 Brown 
1200 ~ 
1600 65.9 20.7 45.2 18.8 1.70 23.3 560 N/A 
Light 
Brown 
1600 ~ 
2000 61.5 19.5 42.0 17.7 1.64 26.6 370 N/A 
Light 
Brown 
 
 
Table 2. Summary of sensors and equipment at the site 
       Measurement Sensor Type Quantity 
Pipe strain  Uniaxial strain gauge                                                     (N11-FA-5-120-11 from Showa) 33 
Soil temperature Thermocouple (Type T 105T-L from Campbell Scientific) 23 Soil suction Thermal conductivity sensor                                     (CS229 from Campbell scientific) 15 
Soil moisture content Theta probe (ML2x from Delta-T Devices) 18 
Soil pressure Vibrating wire earth pressure cell                             (Model 4800 from Geokon) 2 Micro-strain type earth pressure cell (TML model KDE-PA from Geokon) 4 
Soil displacement Rod extensometer (custom-built 4000 from Geotechnical Systems Australia) 1 Air temperature, rainfall, wind speed, relative humidity, solar radiation Weather station (from Campbell Scientific) 1 
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